The objective of this study was to determine whether postischemic hypothermia diminishes ischemic injury in gerbil hippocampus. Cerebral ischemia was pro duced by occluding both carotid arteries for 5 min, while maintaining the temperature of the cranium and rectum at 38°C. Upon recirculation, the animals were divided into three groups: normothermic (38°C), moderately hypo thermic (33°C), and deeply hypothermic (23°C). In the normothermic group, cranial and rectal temperatures were maintained at 38°C for 30 min and 2 h, respectively, prior to the removal of the temperature probes. In the moderately hypothermic group, cranial and rectal tem peratures were reduced within 10 min to 33°C for 1 h, and
The temperature of the brain during an ischemic insult strongly affects the extent and regional distri bution of the resulting cellular injury (Busto et aI., 1987; Minamisawa et aI., 1990; Welsh et aI., 1990) . Furthermore, recent evidence indicates that changes in brain temperature during postischemic reperfusion also have an influence on ischemic in jury (Boris-Moller et aI., 1989; Busto et aI., 1989; Buchan and Pulsinelli, 1990; Kuroiwa et aI., 1990) . Thus, postischemic reduction of brain temperature to 30°C for 3 h was reported to attenuate ischemic injury in the CAl hippocampus of the rat (Busto et aI., 1989) . However, when cerebral cooling was de layed for 30 min during recirculation, the therapeu tic effect disappeared. In the gerbil model of tran sient bilateral ischemia, reduction in rectal temper ature to 34°C for 8 h was reported to diminish ischemic injury in the hippocampus, compared to that in animals with rectal temperature maintained at 39°C (Buchan and Pulsinelli, 1990) . Moreover, then rewarmed to 38°C. In the deeply hypothermic group, rectal temperature was lowered within 10 min to 23°C for 2 h prior to rewarming to 38°C. After recovery for 1 week, the extent of histologic injury in the hippocampus was assessed in stained sections. Maximal injury was present in the CAl subfield in all three groups. These results in dicate that hippocampal injury was not diminished by postischemic hypothermia during the first 2 h of reperfu sion. Thus, pharmacologic studies of postischemic pro tection in the gerbil model may not be strongly influenced by transient postischemic hypothermia. Key Words: Post ischemic hypothermia-Ischemia-Hippocampus Gerbil.
postischemic hyperthermia has been implicated as an important factor in hippocampal injury in the gerbil model (Kuroiwa et aI., 1990) . These results suggest that postischemic variations in brain tem perature have a critical influence on ischemic in jury.
Pharmacologic studies of cerebral protection against ischemic injury may be seriously con founded by drug-induced alterations of brain tem perature. However, if administration of the pharma cologic agent is initiated during the period of post ischemic reperfusion, and if the effect of the agent on brain temperature is brief (1-2 h), then it is not clear whether this transient postischemic hypother mia alone will strongly influence the extent of isch emic injury. Thus, the present study was designed to examine the effects of two levels of transient postischemic hypothermia on ischemic injury in gerbil hippocampus. We tested moderate hypother mia (33°C for 1 h) and deep hypothermia (23°C for 2 h) following 5 min of normothermic (38°C) cerebral ischemia. Surprisingly, neither of the hypothermic regimens reduced the severe degree of ischemic in jury in CAl hippocampus observed with normother mic reperfusion.
MATERIALS AND METHODS
Male Mongolian gerbils (Tumblebrook Farm, West Brookefield, MA, U.S.A.), 50-60 g of body weight, were given free access to food and water prior to experimen tation. The animals were anesthetized with pentobarbital (40 mg/kg i.p.), and a rectal thermistor was inserted to measure core temperature. A 20-gauge needle thermistor (YSI 524, Yellow Springs Instrument Co., Inc., Yellow Springs, OH, U.S.A.) was placed under the scalp to mea sure cranial temperature. The animal was placed in the supine position on a temperature-controlled (38.0 ± 0.1°C) metal block prior to surgery. This positioning min imized heat loss during cerebral ischemia since the top of the head was in direct contact with the heated metal block. Cranial and rectal temperatures were regulated at 38.0 ± 0.3°C during surgery and cerebral ischemia by directing the overhead lamp toward the body (away from the head) of the animal.
Through an incision in the neck, the common carotid arteries were isolated and encircled loosely with 6-0 monofilament nylon. In fully anesthetized animals, the arteries were occluded by pulling them halfway into a 2-mm length of polyethylene tubing (0.3-mm inner diam eter). During occlusion, cranial temperature remained at 38°C. In separate experiments, brain temperature, mea sured with an intracranial probe, remained above 37.SOC during the ischemic insult.
After 5 min of ischemia, the carotid occluders were removed, and the animals were randomized into three groups. In the normothermic group (N = 7), cranial and rectal temperatures were maintained at 38°C for the first 30 min of reperfusion, at which time the cranial probe was removed ( Fig. 1 ). Rectal temperature was regulated at Normothermia 38°C for an additional 90 min, or until the animal was fully awake. In a second group (N = 9), moderate hypother mia was initiated by placing the supine animal on a bag of crushed ice. After the cranial and rectal temperatures reached 33°C, the ice was removed and the temperatures regulated at 33°C. The cranial probe was removed after 30 min of reperfusion, and after 60 min of reperfusion, the animal was rewarmed with the metal block and heat lamp until the rectal temperature reached 38°C. Normothermia was maintained for an additional 60 min, or until the an imal was fully awake. In the third group of animals (N = 7), deep hypothermia was produced after removing the cranial probe by submersing all but the head of the animal in a slurry of ice water. Core temperature was maintained at 23°C for 2 h, prior to rewarming in a 38°C water bath. After the rectal temperature reached 38°C, the animal was dried and temperature monitored until the animal was fully awake and able to maintain normothermia.
After recovery for 1 week, the animals were killed with an overdose of pentobarbital. The brain was dissected free of the cranium, frozen with dry ice, mounted on a microtome chuck, and sectioned at a thickness of 15 f.Lm at -18°C. The sections were air dried, fixed in acetic acid-formalin, and stained with thionin and acid fuchsin. Stained sections were evaluated for the degree of injury in the CAl subfield of the hippocampus. Injured neurons are easily detected by virtue of their bright red staining (Auer et aI., 1984) . In addition, neuronal loss is apparent by the reduction in thionin staining. For each animal, five sec tions of anterior hippocampus were examined, and the extent of CAl injury was graded separately in the two hemispheres using a four-point scale: grade 0 hippocampi exhibited no detectable injury; grade 1 showed <30% of CAl pyramidal cells injured; grade 2 had 30--70% injured CRANIAL TEMP.
(GC) 
RESULTS
In both hypothermic groups, the desired cranial and rectal temperatures were achieved within 10 min of cooling, and were more than halfway to the desired levels by 5 min (Fig. l) . In a separate set of four deeply hypothermic gerbils, brain temperature was 25.7 ± 0.3°C (SO) when the rectal temperature was held at 23°C. Following the period of hypother mia, rewarming of the animals to a core tempera ture of 38°C occurred within 30 min. There was no mortality in any of the groups and no obvious evi dence of secondary hypothermia. In two additional animals subjected to 2 h of 23°C without carotid occlusion, no histologic injury was detected in the hippocampus.
Ischemic injury in the CAl subfield of the hippo campus was maximal in nearly all of the animals in each group (Fig. 2) . In the 38°C group, one of the seven animals was uninjured in the hippocampus from the left hemisphere and exhibited only grade 1 injury in the right. In the 33°C group, unilateral sparing of CA I neurons occurred in three of nine animals. In a fourth animal of this group, grade 2 injury was present in the hippocampus from the right hemisphere. In the 23°C group, unilateral spar ing occurred in only one of the seven animals. There were no statistical differences in injury be tween groups.
DISCUSSION
The results of the present investigation indicate that hippocampal injury following bilateral ischemia 
FIG. 2.
Ischemic injury in CA1 hippocampus in three groups of gerbils maintained at different postischemic temperatures. All animals were subjected to 5 min of normothermic (38°C) ischemia, followed by reperfusion at 38°C, 33°C for 1 h, or 23°C for 2 h. After recovery for 1 week, histologic injury was assessed separately in the left (L) and right (R) hippocampus of each animal. Maximal injury is grade 3 and no detectable injury is grade O.
in the gerbil was not diminished by either of the two levels of postischemic hypothermia tested. This ab sence of a protective effect contrasts with previous results, which showed marked protection of CAl hippocampal neurons in gerbils cooled to 34SC for 8 h during postischemic recirculation (Buchan and Pulsinelli, 1990) . There are several differences be tween the two studies that might explain the con trasting results. First, the previous investigation employed a longer interval of hypothermia (8 h) than that used in the present study (1-2 h). Thus, it is possible that an extended period of hypothermia is required to prevent hippocampal injury in this model. Second, there may be a limited range of tem peratures that provides optimal postischemic pro tection. For example, deep hypothermia (23°C) may induce adverse systemic effects (cardiac arrhythmia and arterial hypotension) that could offset any ben eficial effects of lower temperatures. However, in the present study, deep hypothermia per se did not cause injury to the CAl hippocampus, nor was sur vival of the animal compromised. Third, the ab sence of mortality in the present investigation con trasts with the high mortality (40%) reported by Buchan and Pulsinelli (1990) . However, since mor tality was the same in both of their normothermic and hypothermic groups, it is not clear how a se lective effect in survivors could explain the neuro protection. Fourth, male gerbils were used in the present study, while females were employed by Buchan and Pulsinelli (1990) . However, it is doubt ful that a gender difference could account for a dif ferential effect of hypothermia on ischemic injury. Finally, the present study employed a semiquanti tative system to grade the degree of ischemic injury. Thus, we cannot rule out a quantitatively minor re duction in cell injury in the brain of hypothermic animals. Nevertheless, a diminution of hippocam pal injury, such as that caused by a 2°C decrease during ischemia (Welsh et aI., 1990) , would have been readily detected . An additional factor that might have altered the protective action of postischemic hypothermia in the present study was the use of pentobarbital an esthesia. Pentobarbital has been reported to dimin ish hippocampal injury in the gerbil model (Hall meyer et aI., 1985; Kirino et aI., 1985; Sternau et aI., 1989) . Thus, if hippocampal neurons were al ready protected by pentobarbital, then further pro tection by hypothermia might be impossible. How ever, in the present study, pentobarbital anesthesia did not prevent maximal injury to CAl hippocampus and thus is not likely to have obscured a protective effect of hypothermia. Indeed, in pentobarbital anesthetized animals, dramatic protection of hip-pocampal neurons occurred when hypothermia was induced during the ischemic insult (Welsh et aI., 1990) . The lack of protection by anesthetic doses of pentobarbital in the present study is attributed to strict avoidance of systemic and cranial hypother mia during the episode of ischemia.
Recently, postischemic hyperthermia was re ported to play an important role in ischemic injury in gerbil hippocampus (Kuroiwa et aI., 1990) . Thus, extension of halothane anesthesia into the postisch emic period prevented the spontaneous 1.5°C in crease in cranial and rectal temperature and mark edly diminished ischemic injury. However, in the present study, maximal CA l injury was observed despite the absence of hyperthermia for at least 1-2 h of reperfusion. Although the possibility of hyper thermia at a later time cannot be ruled out, we must conclude that an acute episode of postischemic hy perthermia is not required to generate maximal in jury, at least in pentobarbital-anesthetized gerbils.
In rats, postischemic hypothermia (30°C for 3 h) was reported to reduce the severity of neuronal in jury in CAl hippocampus (Busto et aI., 1989) . How ever, since hippocampal injury was assessed at a recovery interval of only 3 days, it is possible that hypothermia simply delayed the onset of injury, rather than preventing it. Hippocampal injury in the two-vessel occlusion model is normally evident only after a delay of 2-3 days (Desphande et aI., 1987; Martins et aI., 1988) . Thus, if postischemic hypothermia were to delay further the onset of his tologic injury, then the extent of injury evident at 3 days would appear to be diminished. It has not yet been reported whether postischemic hypothermia diminishes hippocampal injury when assessed after longer periods of survival.
The lack of protection by acute postischemic hy pothermia in the present investigation may be rele vant to pharmacologic studies of postischemic pro tection in the gerbil model. Thus, the effect on hip pocampal injury of pharmacologic agents administered during the early phase of recirculation may not be greatly perturbed by transient hypother mia. Obviously, it is desirable to maintain cerebral normothermia in studies of pharmacologic protec-J Cereb Blood Flow Metab. Vol. II, No.4, 1991 tion. However, it is often difficult to regulate brain temperature in small rodents for extended periods of time. The present results suggest that the influ ence of postischemic hypothermia on ischemic in jury is not as strong as that of intraischemic hypo thermia.
